Graphene has gained attention during the past few years[@b1], stimulating research in several fields, including electronics[@b2], nanomedicine[@b3], and spectroscopy[@b4]. Recently, graphene based gas sensing has been demonstrated[@b5], utilizing the high conductivity of graphene as well as the high sensitivity to surface dopants due to the two-dimensionality of the atomically thin material[@b6]. The adsorbed gas molecules on graphene act as electron donors or acceptors, changing the charge carrier concentration and thus altering the resistivity of graphene[@b6]. This has allowed the demonstration of highly sensitive graphene-based gas sensor with a detection limit down to individual molecules[@b5]. To make such graphene-based gas sensors, large area pure graphene (synthesized or physically separated from graphite) is needed.

However, the cost of large-area pure graphene is high. Instead, one can oxidize graphite to graphene oxide (GO)[@b7] and then, to increase the conductivity, reduce it by thermal[@b8] or chemical[@b9] processes to obtain reduced graphene oxide (rGO). Still, the requirement of single-layered films to get enough sensitivity makes route problematic. Multi-layered rGO will be less sensitive since the rGO sheets will bind to each other strongly[@b10] hindering the gas to reach the surfaces of all the sheets except the top-most ones. Thus, there is a need to separate the sheets to let the gas reach the graphene surfaces and this may be done by modify the graphene with molecules or particles. Such graphene-based composites have useful electronic properties[@b11] and have been applied in several areas, including energy storage by using metal oxide-graphene composites[@b12][@b13][@b14][@b15] and for biosensors utilizing polymer-graphene composite[@b16][@b17].

Clay-graphene composites were recently demonstrated[@b18][@b19]. This kind of graphene composite might be useful in gas sensing applications since clay is also a two-dimensional material; the clay will separate the graphene sheets and also avoid curling of GO during thermal reduction. However, the studies of the electrical properties of these kinds of 2D-2D composites or their potential applications are limited[@b20].

We report here a simple one-step method to produce kaolin-GO nanocomposites using APTES as linkage. The weight fractions of GO in the nanocomposites were between 17% and 25%. These synthesized nanocomposites were characterized by transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR) and differential scanning calorimetry (DSC). Electrical properties of these nanocomposites after thermal annealing at different temperatures were determined. Moreover, we studied the potential of these kaolin-GO nanocomposites as gas sensing materials and our results show that these nanocomposites have larger resistance change upon contact with NH~3~ and HNO~3~ gas. Thermally annealed kaolin-GO nanocomposites showed a higher sensitivity to these two kinds of gases as compared to thermally annealed GO. This was due to the porous structure of the kaolin-GO nanocomposites but might also be assisted by the hydrophilic properties of kaolin. The results suggested that kaolin-GO nanocomposites are useful in gas sensing applications.

Results and Discussion
======================

Synthesis
---------

Kaolin is a kind of clay, which can interact with molecules that contain silane groups, e.g. APTES can be immobilized on kaolin through the interaction of the silane on APTES with the -OH groups on the kaolin surface[@b21]. In our experiments, kaolin powder was first treated with high power sonication to separate the flakes, following by adding APTES while stirring. After that, GO was added and stirring was done at 800 rpm for 10 min, following by 300 rpm stirring for 10 min. The color of kaolin changed from white to brown after the binding of GO.

Characterizations
-----------------

[Fig. 1a](#f1){ref-type="fig"} shows a TEM image of synthesized kaolin-GO nanocomposite, which indicated that GO sheets was immobilized on kaolin flatly without obvious curls on their edges. The image shows that the larger GO sheets were supported by several smaller kaolin flakes. Images at higher and lower magnification are shown in [supporting information](#s1){ref-type="supplementary-material"} ([Fig. S1 and S2](#s1){ref-type="supplementary-material"}). [Fig. 1b](#f1){ref-type="fig"} shows a SEM image of the nanocomposites, showing the contact of GO sheet with each other over different kaolin flakes. The specific surface area was measured as 28.3 m^2^/g for the nanocomposite used for gas sensing test.

Moreover, the nanocomposite materials show high binding affinity to each other, which was considered due to the contribution of flatness of GO sheets, because the flattened GO sheets can easily interact with each other through van der Waals force and hydrogen bonds of the oxygenated groups. As an indirect indication, [Fig. 1c](#f1){ref-type="fig"} shows two photographs of "donuts" and "spaghetti" made of kaolin-GO nanocomposites by dropping or injecting the concentrated nanocomposite suspension into water (more images are shown in [Supporting information, Fig. S3](#s1){ref-type="supplementary-material"}). The "donut" and "spaghetti" structure remained stable, demonstrating the internal interaction of the kaolin-GO nanocomposite.

[Fig. 1d](#f1){ref-type="fig"} shows the FTIR of kaolin, GO, and kaolin-GO nanocomposite before and after annealing at 230°C. The FTIR measurements showed that the C = O stretching of GO shifted from 1713 cm^−1^ to 1732 cm^−1^ when kaolin was bonded to GO with APTES as linkage, which might be due to the interaction of -COOH and -OH on GO with -NH~2~ on APTES through hydrogen bonds. The stretching of C = O shifted further to 1746 cm^−1^ after annealing at 230°C, which was due to decarboxylation of the GO sheets. The C = C stretching of as synthesized kaolin-GO at 1620 cm^−1^ did not shift until annealing, when it shifted to 1575 cm^−1^. This band shift was also due to the removal of -OH, and -O- from the GO plane[@b22]. Our DSC measurement demonstrated that around 205°C there was a decarboxylation process ([Fig. 1e](#f1){ref-type="fig"}), which is consistent with the FTIR results. For X-ray diffraction of kaolin-GO nanocomposites see [supporting information](#s1){ref-type="supplementary-material"} ([Figure S4](#s1){ref-type="supplementary-material"}).

We further studied the electrical properties of the kaolin-GO nanocomposites. Our microscopy results showed that the GO sheets in the nanocomposites were contacting each other over different kaolin flakes, providing an electrical percolation path through the nanocomposite after annealing. The percolation conductivity of these kind of nanocomposites are determined by the amount of conducting particles[@b11], which in our case is the annealed GO sheets. We studied the resistance of kaolin-GO nanocomposites with different GO fractions after annealing at 230°C, as shown in [Fig. 2a](#f2){ref-type="fig"}. The sheet resistance (R~s~) of kaolin-GO film decreased from 420 MΩ/sq to 35 KΩ/sq when the weight fraction of GO increased from 17% to 25%, with a sharp decrease in resistance during the lower fraction values, which is consistent with a percolation phenomena. [Fig. 2b](#f2){ref-type="fig"} shows the R~s~ of kaolin-GO film at different annealing temperature with GO fraction of 25%. The R~s~ went down from 35 KΩ/sq to 400 Ω/sq when the annealing temperature increased from 230°C to 950°C, showing that conductive kaolin-GO nanocomposite films can be created by annealing. [Fig. 2c](#f2){ref-type="fig"} shows the current-voltage (IV) measurements of kaolin-GO films after annealing at different temperatures, with increasing conductivity at higher annealing temperature. The linear IV curves indicate an Ohmic contact[@b23] between the nanocomposite and the stainless wire electrodes used in the measurements. Real time monitoring of the resistance change during the annealing process is illustrated in [Fig. 2d](#f2){ref-type="fig"}. Decarboxylation appeared from 205°C to 230°C during the heating process, showing fluctuating resistance, as can be seen from [Fig. 2d](#f2){ref-type="fig"}. These results are consistent with the DSC measurements (see [Fig. 1e](#f1){ref-type="fig"}).

Gas sensing
-----------

The annealed kaolin-GO nanocomposites were further applied for gas sensing measurements. [Fig. 3a](#f3){ref-type="fig"} shows the resistance changes of 400°C and 600°C annealed kaolin-GO nanocomposites responding to NH~3~ gas flow (NH~3~ concentration: 10 µM). The graphs show how the resistance of the nanocomposite film changed under NH~3~ gas flow. A memory effect is apparent from the graphs and the resistance increased proportionally during ON and OFF cycling of the gas flow, with a higher regressing slope with gas ON.

The results can be explained by considering how the resistance changed over time during a single cycle, as shown in [Fig. 3b](#f3){ref-type="fig"}. In the detection curve, there were two different responding behaviors. The rapid response is due to the of gas molecules to the low-energy binding sites, such as the *sp*^*2*^ bonded carbon[@b7]. The slow response is due to the binding of gas molecules to the higher-energy binding sites, such as the oxygen functional groups that are highly present in the nanocomposites[@b7]. When the gas flow was stopped ([Fig. 3b](#f3){ref-type="fig"}), the same kind of rapid-slow response was present making this interpretation consistent. Robinson and co-workers explains that this kind of memory effect is due to the binding energy difference of gas molecules to low and higher-energy binding sites[@b7]. The binding of gas molecule to *sp*^*2*^ bonded carbon is through weak dispersive forces, while the oxygen functional groups have higher binding energy (hundred meV/molecule)[@b24]. When the gas flow was switched off, the gas molecules at low binding energy sites released very quick, while those bound at high energy sites did not. This model explains why the resistance was not recovered to the original value until several minutes after the gas flow was switched off. Since we run the next cycles without waiting for the resistance to recover totally, we obtained a continuous increasing resistance when gas was switched off.

The sensitivity, as defined by the relative change of resistance (R-R~0~)/R~0~ under NH~3~ gas cycles, is plotted in [Fig. 3c](#f3){ref-type="fig"} for sensors based on different active materials. The highest sensitivity had the sensors prepared by kaolin-GO nanocomposites annealed at 400°C with a resistance change of about 100% while other sensors had a response below 50%. For comparison, we also did gas sensing control experiments on thermally reduced GO film without kaolin (thickness: 100 nm) at 400°C. The sensitivity of this reduced GO film was about 20%, which is about 5 times lower than the corresponding kaolin-GO nanocomposite, which was expected since the presence of kaolin made an open porous structure, so that a higher surface area of the reduced GO are available to gas molecules.

The increase in sensitivity, as plotted in [Fig. 3c](#f3){ref-type="fig"}, might be due to the hydrophilic property of kaolin. GO, thermally reduced at high temperature, is hydrophobic and does not adsorb water molecules, however, the hydrophilic kaolin will adsorb water. Seredych et al describe two kinds of binding modes of ammonia retention on graphite oxide, where the ammonia molecule can interact with carboxylic groups either as Bronsted or Lewis acids[@b25]. They point out that the moisture on the graphite oxide surface could enhance the adsorption of ammonia on carboxylic groups. Levesque and co-workers[@b26] described the influence of water layers[@b27] at the interface between graphene and hydrophilic substrate in graphene transistor applications, where they indicate that humid air shift the V~Driac~ toward negative V~g~.

In our experiments, the adsorbed water molecules will bind more NH~3~ molecules at the interface between kaolin and GO, increasing the local gas concentration, leading to a high electrical response. This is under the assumption that the water molecules do not influence the resistance. To test this we performed the experiment shown in [Fig. 3d](#f3){ref-type="fig"} with cycles of ammonia gas flow followed by a flow of humid nitrogen gas. Such results are consistent with the results discussed by Levesque and co-workers[@b26], where a substrate with a sensitive functional coating could minimize the background response to water. Our results clearly show that water molecules did not influence the conductance of the nanocomposite film, demonstrating that the electrical response was due to the NH~3~ molecules. However, as discussed above the adsorb water could assist in the response of ammonia. This interpretation is also consistent with the slopes of the sensitivity increase when cycling of the gas flow was applied. The relative change in resistance per cycle was 0.0637 for the nanocomposites annealed at 600°C, 0.0632 and 0.012 for the nanocomposites annealed at 400°C and 950°C, while it was only 0.0054 for the GO annealed sample without kaolin ([Fig. 3c](#f3){ref-type="fig"}). The annealing at 950°C removed the carboxylate groups from the graphene oxide sheets, leading to less binding sites for ammonia and thus lower sensitivity[@b25].

In addition to NH~3~ gas, we also investigated the response of kaolin-GO nanocomposite to HNO~3~ ([Fig. 4](#f4){ref-type="fig"}) by blowing nitrogen gas into HNO~3~ and then to a kaolin-GO nanocomposite sample that was annealed at 600°C. In contrast to the response from NH~3~ gas, the resistance of the nanocomposite decreased upon the blow of HNO~3~ (concentration: 4.4 µM). The response might not only be caused by the interaction of HNO~3~ with annealed GO, but also due to the accumulation of HNO~3~ on the GO-GO interface[@b28], which increases the conductance between GO sheets, resulting in reduced resistance. Moreover, the water absorbed by kaolin helps the accumulation of HNO~3~, which might also contribute to the response, yet we do not have direct evidence. Still, the results suggest that the kaolin-GO nanocomposite could be a potential material to make HNO~3~ sensor.

Conclusions
===========

In summary, we produced kaolin-GO nanocomposites using a simple one-step method, through the link of APTES. The nanocomposites become conductive after thermal reduction as observed by real-time resistance measurement that were consistent with DSC measurements at 230°C. The potential application of these nanocomposites for gas sensing was investigated by measuring the resistance changes upon blowing with NH~3~ and HNO~3~ gas. The nanocomposites, annealed at 400°C and 600°C, showed a high sensitivity to NH~3~, which was much higher than a control sample consisting of only annealed GO. It is likely that both the reduced GO and the kaolin contributed to the gas sensing response. Our results suggest that this thermally reduced kaolin-GO nanocomposite could be useful in applications that require a low-cost material with large conductive surface area and in particular in for simple gas sensors. However, the selectivity of this gas sensor needs to be studied in the future to show the performance of the sensor in multi-gas situations.

Methods
=======

Materials
---------

GO was synthesized using the modified[@b29] Hummers method and then dispersed in double distilled water for use. Kaolin powder, APTES, and all other chemicals used were purchased from SIGMA.

Synthesis of kaolin-GO nanocomposites and annealing
---------------------------------------------------

1.0 g kaolin powder was first dispersed in 200 ml doubly distilled water by probe sonication (80 W) for 2 hours to separate the flakes. After that, 4 ml APTES was added into the suspension while stirring at 500 rpm for 10 min, followed by adding various amount of GO solution while stirring at 800 rpm for 10 min. The samples were collected by filtration and rinsed with double distilled water for three times to remove remaining APTES that were not binding to kaolin. After that, the collected sample was re-dispersed in 100 ml double distilled water. The annealing of kaolin-GO nanocomposites at 230 and 250°C was done in an oven without gas protection. The annealing at higher temperature than above was performed in a tube furnace with the protection of flowing argon gas.

Characterizations
-----------------

SEM microscopy was done using an EVO50 microscope (ZEISS) with SE1 mode. TEM was performed on a JEOL 2000FX (JEOL) microscope. FTIR characterization was done on a Nicolet 6700 spectrometer. DSC measurements were done using a DSC822 (METTLER TOLEDO) thermal analyzer.

Specific surface area measurement
---------------------------------

The Brunauer-Emmett-Teller (BET) specific surface area test was performed on a Micromeritics model 2300 (Micromeritics) using nitrogen as absorbent.

Electrical measurements
-----------------------

To do sheet resistance measurement, 1.0 ml kaolin-GO nanocomposite suspension was dropped on 1.5 × 1.5 cm^2^ oxidized silicon wafer and dried at 80°C for 1 hour. IV measurements were performed on a micromanipulator 1800 wafer probe station (Micromanipulator), using two stainless wires as source and drain electrodes. To do real time monitoring of the decarboxylation, two lines of silver glue, separated by 1 cm, were made on the nanocomposite film. Two copper wires were attached to the silver glue contacts and connected to a multimeter for resistance measurements.

Gas sensing
-----------

The samples for gas sensing experiment were made the same way as those for real time decarboxylation monitoring. To do tests, nitrogen gas was first injected into ammonia (25%) or nitric acid solution, which was then blown over the samples. The output gas concentration was 10 µM for NH~3~ and 4.4 µM for HNO~3~.
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![Characterization of kaolin-GO nanocomposites.\
(a) TEM image of kaolin-GO nanocomposites, showing binding of a GO sheet on multiple kaolin flakes. (b) SEM image of kaolin-GO nanocomposites. The inset is a schematic drawing of the contact between GO sheets in the red frame. (c) Photographs of "donut" and "spaghetti" made of kaolin-GO nanocomposites. The diameter of the beaker was 6 cm. (d) FTIR of kaolin, GO, kaolin-GO before and after annealing at 230°C. (e) DSC of kaolin-GO measured in air.](srep07676-f1){#f1}

![Electrical characterization of kaolin-GO.\
(a) R~s~ of kaolin-GO nanocomposites with different GO fraction in weight %. (b) R~s~ of kaolin-GO nanocomposites (GO fraction: 25%) annealed at different temperature under the protection of Argon gas. (c) Current-voltage (IV) measurement of kaolin-GO nanocomposites annealed at different temperature under the protection of Argon gas. (d) In-situ measurement of the resistance change of kaolin-GO annealed at 250°C. The graph shows the resistance from 180°C to 250°C during heating and cooling.](srep07676-f2){#f2}

![NH~3~ gas sensing using kaolin-GO nanocomposites based sensors.\
(a) Resistance changes of kaolin-GO films annealed at 400°C and 600°C upon the blow of NH~3~ gas. (b) Real-time monitoring of resistance change of 600°C annealed kaolin-GO nanocomposites of to the last cycle in a, marked with a light shaded rectangle. (c) Resistance changes of different samples. Here R~0~ referred to the resistance of the nanocomposites at the beginning of each cycle when gas was OFF. (d) Resistance changes of kaolin-GO films annealed at 600°C upon the blow of NH~3~ gas or humid nitrogen that was blown through double distilled water before reaching the nanocomposite.](srep07676-f3){#f3}

![HNO~3~ gas sensing using 600°C annealed kaolin-GO nanocomposite.\
(a) Resistance of kaolin-GO films upon the blow of HNO~3~. (b) In-situ monitoring of resistance change of one cycle gas blowing marked with a light shaded rectangle in a.](srep07676-f4){#f4}
